Objectives: We reviewed testosterone changes for patients who were treated with radiation therapy (RT) alone on NRG oncology RTOG 9408. Methods and materials: Patients (T1b-T2b, prostate-specific antigen <20 ng/mL) were randomized between RT alone and RT plus 4 months of androgen ablation. Serum testosterone (ST) levels were investigated at enrollment, RT completion, and the first follow-up 3 months after RT. The Wilcoxon signed rank test was used to compare pre-and post-treatment ST levels in patients who were randomized to the RT-alone arm. Results: Of 2028 patients enrolled, 992 patients were randomized to receive RT alone and 917 (92.4%) had baseline ST values available and completed RT. Of these 917 patients, immediate and 3-month post-RT testosterone levels were available for 447 and 373 patients, respectively. Excluding 2 patients who received hormonal therapy off protocol after RT, 447 and 371 patients, respectively, were analyzed. For all patients, the median change in ST values at completion of RT and at 3-month follow-up were −30.0 ng/dL (p5-p95; −270.0 to 162.0; P < .001) and −34.0 ng/dL (p5-p95, −228.0 to 160.0; P < .01), respectively. Conclusion: RT for prostate cancer was associated with a median 9.2% decline in ST at completion of RT and a median 9.3% decline 3 months after RT. These changes were statistically significant.
Introduction
Various studies in the contemporary radiation therapy (RT) literature have evaluated changes in serum testosterone (ST) levels for patients receiving external beam RT for prostate cancer [1] [2] [3] [4] [5] [6] [7] [8] [9] and other pelvic malignancies. [10] [11] [12] [13] The majority of these studies have indicated that these patients experience a decline in ST after RT. Low-dose scatter radiation to the testicular Leydig cells is believed to be the most likely explanation for this phenomenon. The current study evaluates the changes in ST observed in patients who were enrolled and treated in the NRG oncology RTOG 9408 study.
Methods and materials
From 1994 through 2001, 1979 eligible patients with stage T1b, T1c, T2a, or T2b prostate adenocarcinoma and a prostate-specific antigen (PSA) level of 20 ng/mL or less were randomly assigned to RT alone or RT with 4 months of total androgen suppression starting 2 months before RT. The primary endpoint for the study was overall survival. The secondary endpoints included disease-specific mortality, distant metastases, biochemical failure (eg, an increasing PSA level), and the rate of positive findings on the planned repeat prostate biopsy at 2 years. The details of the study design and outcomes are well described in a prior publication. 14 RT consisted of either whole pelvic RT (WPRT) to 46.8 Gy plus a 19.8 Gy prostate boost for a total dose of 66.6 Gy or RT to the prostate only (PORT) for a total dose of 68.4 Gy. Typical field arrangements are shown in Figure 1a and 1b.
Most patients received WPRT. Only patients with the lowest-risk features (PSA <10 ng/mL and Gleason score ≤5 or a negative lymph node dissection) were assigned to receive PORT. RT was delivered at 1.8 Gy per fraction. For this analysis, ST levels were investigated at the following collection periods: study enrollment; completion of RT; and first follow-up 3 months after completion of RT. The Wilcoxon signed-rank test was used to compare the change in pre-and post-treatment ST levels (at completion of RT and at the 3-month follow-up visit) in patients who were randomized to the RT-alone arm. The same paired differences were further compared between WPRT and PORT, and a Wilcoxon signed-rank test was used to detect any statistically significant differences. Two different follow-up periods were analyzed: end of RT and first post-RT followup. All statistical tests were carried out at the 0.05 significance level. Although it is well recognized that ST levels are subject to diurnal variation, given the large number of patients evaluated, it is unlikely that the results were skewed by any systematic bias as a result of the time of day blood samples were drawn. All laboratory testing was performed at laboratories that were chosen by the institution that enrolled the patient in the study. As such, there was no standardization of the results. Institutional review board approval of the protocol and consent documentation were obtained at each participating institution. All patients signed informed consent prior to study enrollment.
Results
Of the 1979 eligible patients enrolled in the NRG oncology RTOG 9408 study, 992 were randomized to receive RT alone and 925 (93%) had baseline ST values available. Of these 925 patients, 917 (99%) completed RT. Of these 917, 447 had ST information available at the end of RT. None of the 447 patients received hormonal therapy Advances in Radiation Oncology: October-December 2017
Testosterone declines after radiation therapy off protocol before the study evaluation. A total of 373 patients had ST values available 3 months after completion of RT. Two of the 373 patients had received hormonal therapy off protocol prior to this evaluation, leaving 371 patients for analysis at that time point. The outliers were included in all analyses. A breakdown of the patients evaluated is shown in Table 1 . The pretreatment characteristics of the analyzable patients are shown in Table 2 . For the entire group of patients who completed RT and had no prior hormonal therapy, the median change in ST was −30.0 ng/dL at the end of RT (P < .001) and −34.0 ng/dL 3 months post-RT (P < .001). The distribution is shown in Table 3 .
For the subgroup of patients who were treated with WPRT and completed RT and who had no prior hormonal therapy, the median change in ST was −35.3 ng/dL (n = 386) at the end of RT (P < .001) and −31.4 ng/dL (n = 320) 3 months post-RT (P < .001). The distribution is shown in Table 3 , and the relative changes are shown in Table 4 .
For the subgroup of patients who were treated with PORT and completed RT and who had no prior hormonal therapy, the median change in ST was −11.0 ng/dL (n = 61) at the end of RT (P = .13) and −41.0 ng/dL (n = 51) 3 months post-RT (P < .001). The distribution is shown in Table 3 and the relative changes are shown in Table 4 . The difference in the median change in ST between the WRPT and PORT groups was not statistically significant at either the end of RT (P = .216) or 3 months after RT (P = .277).
An effort was made to correlate change in ST with change in sexual function. A total of 337 patients in the RTalone group completed an initial Sexual Adjustment Questionnaire (SAQ), and 270 patients completed the SAQ 12 months after treatment. However, from the group of patients who completed both SAQs, we identified only 73 patients who also had baseline and 3-month ST data available. This small number of evaluable patients presented problems on 2 levels. First, there was the unlikelihood that our analysis would have the statistical power to correlate ST change with a change in sexual function. Second, because these 73 patients only represented 22% of the 337 patients who answered the initial SAQ, from a missing data analysis perspective, conclusions could be unreliable and misleading. As such, we are unable to offer a meaningful correlation between changes in ST and change in sexual function.
Discussion
The current study represents the second largest series in the RT literature to evaluate changes in ST in patients receiving RT for localized prostate cancer and the largest study based on data collected as part of a large-scale prospective multi-institutional trial. Although a large share of the posttreatment testosterone data were not collected (only 447 patients had ST levels drawn at the end of RT and 371 at 3 months after RT), we believe that this was a function of the decentralized nature of data collection. We do not believe that this introduces systemic bias into the analysis. Although only short-term data were collected, the findings are consistent with most previously published studies that demonstrate a decline in ST after photonbased RT. These studies stand in contrast to recently published studies that fail to demonstrate such testosterone changes after proton-based RT or brachytherapy. Table 5 lists the 7 studies that were published after 1990, alongside the current study.
Zagars and Pollack 4 reported a 9% decline in ST 3 months after RT in 85 patients treated with RT for prostate cancer. Patients in the series received doses ranging from 66 to 78 Gy (median, 68 Gy) at 2 Gy per fraction to the prostate, only specified at the isocenter. No patient was treated with pelvic nodal RT. The decline in ST was statistically significant at the P = .0001 level. PORT, prostate-only radiation therapy; Q1, first quartile; Q3, third quartile; WPRT, whole pelvis radiation therapy. Table 4 Relative changes in serum testosterone levels Daniell et al 3 compared the ST levels of 33 men who had undergone RT with those of 55 men who had undergone radical prostatectomy 3 to 8 years after treatment. The irradiated patients had a 27.3% lower ST level compared with the surgically treated patients. The investigators suggested that these findings could be explained by radiation injury to the testicles.
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Pickles et al 2 reported on 666 men who were treated with RT for localized prostate cancer between 1994 and 2001. No patient received hormonal therapy. According to the investigators, "few" of the patients received pelvic nodal RT. The vast majority was treated with fields that were limited to the prostate. Six months after completion of RT, the mean ST levels had declined to 83% of the baseline pre-RT levels. The authors attribute this decline to scatter radiation dose to the testicles. With further follow-up, the authors noted a normalization of ST in the vast majority of patients.
Oermann et al 1 reported on 26 men with low-or intermediate-risk prostate cancer treated with stereotactic body RT (SBRT) with robotic radiosurgery. Patients received 36.25 Gy in 5 fractions of 7.25 Gy to the prostate or prostate and proximal seminal vesicles over a 2-week period. The authors observed a 23.7% median decline in ST levels at 1 year, which was significant at the P = .013 level.
One study of testosterone changes after brachytherapy failed to show declines in ST. 15 This lack of testosterone suppression was seen in patients treated with brachytherapy alone as well as in patients treated with low-dose external beam RT (20-45 Gy) plus a brachytherapy boost. The authors suggest that the lack of testosterone suppression in this setting is explained by the lower testicular scatter dose associated with brachytherapy.
Grigsby and Perez 5 reported on 59 patients with prostate cancer who received 65 to 70 Gy to the prostate. In contrast to subsequently published studies, the authors did not identify significant changes is ST for 24 months after RT. However, significant declines in dihydroxytestosterone as well as increases in follicle-stimulating hormone and luteinizing hormone were seen.
In contrast to the majority of studies on testosterone kinetics after external photon radiation, 2 recent studies on proton therapy did not demonstrate posttreatment testosterone suppression. Kil et al 8 reported on 217 hormone therapy-naive patients with low-or intermediate-risk prostate cancer who received 70.00 (relative biological equivalence [RBE] ) to 72.50 Gy (RBE) with hypofractionated passively scattered protons delivered at 2.5 Gy (RBE) per fraction in a prospective study. The median pretreatment ST level was 367.7 ng/dL. There were no significant changes in ST at treatment completion or 6 or 12 months after proton therapy. The authors imply that the lack of testosterone suppression after proton therapy, in contrast to the aforementioned studies of photon-based therapies, is consistent with studies that suggest that passively scattered proton therapy is associated with less out-of-field low-dose scatter radiation than photon-based therapy. [16] [17] [18] Nichols et al 9 reported on 150 similar patients from the same institution who were treated in an earlier prospective study and received 78.00 (RBE) to 82.00 Gy (RBE) with passively scattered protons delivered at 2.0 Gy (RBE) per fraction. The median pretreatment ST level was 357.9 ng/dL. There were no significant changes in ST at treatment completion or 6, 12, 18, or 24 months after proton therapy.
A number of studies have attempted to estimate or measure the scatter radiation dose to the testicles in the setting of prostate RT. Oermann et al 1 estimated a median dose of 2.1 Gy (range, 1.1-5.8 Gy) in the setting of robotic radiosurgery SBRT. The study by King et al 19 estimated that testicular scatter doses from intensity modulated RT ranged from 0.84 Gy with PORT to 6.3 Gy in the setting of pelvic intensity modulated RT with a prostate boost. Previous studies used thermoluminescence dosimetry (TLD) measurements to estimate the testicular scatter dose to be in the range of 2 Gy, or approximately 3% of the prescribed dose to the prostate, 2, 4, 20, 21 although an earlier TLD study by Grigsby 5 estimated a testicular dose of 4.5 to 6.0 Gy. Leydig cell damage may be age dependent, with older patients experiencing a greater sensitivity to low-dose radiation in the 2 Gy range. Although the aforementioned studies address the effect of low-dose radiation, or lack thereof, in older men who are treated for prostate cancer, 2 earlier studies of higher-dose testicular irradiation in younger men showed no effect on ST. The study by Rowley et al 22 involved the irradiation of the testes of 67 male prisoners with an age range of 25 to 52 years. The doses ranged from 0.08 to 6 Gy. The investigators reported that no significant effect was found on the ST levels of the irradiated patients. The study by Shapiro et al 23 followed-up 27 men who had undergone RT for soft-tissue sarcomas. They failed to show changes in the ST levels within 30 months of followup. The patients in that series had received a wide range of testicular doses, from 0.01 to 25 Gy.
Conclusions
External beam RT as delivered in the NRG Oncology RTOG 9408 study was associated with a median 9.3% decline in ST at 3 months after RT. There was no significant difference in this decline between patients who received WPRT and those who received PORT. These findings are consistent with most other series in the photon RT literature and suggest that low-dose scatter radiation outside of the beam path has a deleterious impact on testicular Leydig cell function.
